frequency was found to be lower by a factor of 2.6 in a mer3 mutant than in the wild-type, with no effect on the 
by Rad51 by extending the DNA heteroduplex [13, 14] . the two pathways give rise to two distinguishable classes of COs, one sensitive and the other insensitive Therefore, both genetic and biochemical data suggest that Mer3 stabilizes molecules that are on the pathway to interference. of dHj formation and, hence, crossover formation. Interestingly, the remaining COs in mer3 mutant displayed Results no interference [15] , consistent with the specific involvement of Mer3 in the class I COs formation path-
The Arabidopsis MER3 Gene and mer3 Mutations way. The evolution of mer3 and its possible conserva-
The Arabidopsis gene was annotated in the Arabition between species has not yet been studied as this dopsis Information Resource database (http://www. gene has so far been isolated only from budding yeast.
arabidopsis.org/) as a putative Mer3 homolog. Indeed, At least two COs pathways therefore seem to funcin the output of a BLASTP analysis on a very large nontion independently in budding yeast, but these pathredundant (nr) database with S. cerevisiae Mer3 as the ways may not exist in all species. Only class II COs query, the first nonfungal hit was Arabidopsis MER3. seem to occur in S. pombe because COs in this species By means of RT-PCR on young buds, we redefined are not sensitive to interference, and their frequency is the cDNA, which differed markedly from the predicdramatically reduced in Mus81 and Eme1 mutants [11] . lections [25] that had the MER3 gene disrupted at difPlants also seem to have both pathways. In their ferent positions and named them mer3-1 to mer3-4. For analysis of a very detailed genetic study, Copenhaver each of these mutations, we amplified and sequenced and Stahl suggested that Arabidopsis may have two the genomic DNA sequences flanking the T-DNA setypes of COs, with the main type sensitive to interferquences to determine the precise structure of the muence and the minority type insensitive to interference tation. In mer3-1 (Salk_045941) and mer3-4 (Salk_ [23]. The inference that both classes of COs defined in 149121), the T-DNA is inserted into exons XIV and IX, budding yeast also exist in plants is very tempting, and respectively, at bases 1391 and 824 in the cDNA. In indeed Higgins et al. [24] recently provided evidence mer3-2 (Salk_091560) and mer3-3 (Salk_011457), the for the existence of two pathways in Arabidopsis by T-DNA is inserted into introns XIV and XXIV, disrupting characterizing AtMSH4 in detail and showing that msh4 the cDNA sequence at positions 1458 and 3047, mutation eliminated only 84% of COs (scored as chiasrespectively. The corresponding disruption positions mata). Higgins and coworkers showed that the remainfor the MER3 protein are presented in Figure 1 . A truning COs were randomly distributed between cells and cated MER3 protein may be produced from the mer3 chromosomes. Nevertheless, the data obtained did not alleles ( Figure S1 ). In this case, the corresponding allow Higgins et al. to draw any clear conclusions about MER3 protein would be 463 aa, 486 aa, 1015 aa, and the distribution of COs within a given chromosome or 273 aa long for mer3-1 to mer3-4, respectively (Figure 1 ). to determine whether the second pathway revealed generated COs sensitive or insensitive to interference.
In this study, we identified and characterized the The mer3 Mutant Plants Displayed Very MER3 gene in Arabidopsis. The four knockout mutant Low Levels of Fertility alleles studied gave rise to identical phenotypes, with A low-fertility phenotype segregated in the progeny of effects on meiosis and fertility. Cytological and genetic self-fertilized plants heterozygous for each mer3 mutaanalyses showed that MER3 was required for the fortion. Homozygotes for the four alleles showed no develmation of most, but not all, COs. Thus, MER3 function opmental defect other than short fruits containing only is conserved from yeast to plants, and our results proabout 13% the number of seeds found in the wild-type vide additional evidence for the existence of at least ( Figure S2 and Table 1 ). This phenotype segregated in two CO pathways in Arabidopsis. We also showed gea 3:1 ratio in the progeny of heterozygous plants, indinetically that there was no interference between residcating that the mutations were expressed sporophytically, monogenic, and recessive. A complementation ual COs in one set of adjacent intervals, suggesting that Figure 3I ). These defects led to the formation of unbalanced spores ( Figure 3J) . Thus, the only defect observed in mer3 mutants was a large decrease in the number of chiasmata-the cytological counterpart of CO-and its consequences in terms of chromosome segregation. The defects in female meiosis observed in mer3 plants were similar to those observed in male meiosis with normal pachytene and univalents detected at diakinesis and metaphase I ( Figure S4 ).
Chiasma Frequency Is Considerably Decreased by mer3 Mutations, but Chiasma Formation Is Not Entirely Abolished
We quantified the decrease in chiasma frequency by studying the shape of metaphase I bivalents, as described by [27] . Bivalents with a crossover (CO) on each arm appear as a "ring" ("a" in Figures 2E and 3F ), whereas bivalents with a CO on only one arm appear as a "rod" ("b" in Figures 2E, 3E, and 3F ). For example, the cells in Figures 2E, 3E , and 3F display nine, two, and three COs, respectively. Multiple COs on one arm are detected as a "ball" at the position of the chiasmata. This technique slightly underestimates chiasma frequency as multiple COs may be missed [24, 28] . We 4A ). The number of significant difference was observed between the mufoci decreased during prophase, with only a few retant mer3 alleles (Table 1) (χ [9] 2 = 6.58; p > 0.1). Thus, CO maining at pachytene, probably indicating the prois not abolished by mer3 mutations but occurs much less gression of recombination ( Figure 4B ). RAD51 behavior frequently in mer3 mutants than in the wild-type.
was unaffected in mer3-1: large numbers of foci were observed at leptotene ( Figure 4C ) and a few at pachytene ( Figures 4D and 4E) . We quantified the number of ASY1 and RAD51 Behave Similarly in mer3-1 Mutants and the Wild-Type RAD51 foci at leptotene in both wild-type and mutant and found 158 ± 34 and 153 ± 33, respectively (17 cells ASY1 is a meiosis-specific protein intimately associated with the chromosome axes during prophase I [29] . each). Even if these figures have to be regarded carefully because some spots could be hidden in the chroWe used ASY1 distribution as a marker of meiosis progression. ASY1 behaved similarly in wild-type and mosome mass, it clearly appeared that the number of RAD51 foci was not significantly different between mer3-1 mutant plants. RAD51 has been shown to be involved in meiotic DSB repair and to form foci at sites wild-type and mer3-1 mutant. Thus, the very low crossover frequency observed in mer3-1 was not correlated of DNA recombination repair [30] . We immunolocalized The lack of chiasmata leads to the random segregacolumn "non selected"). This difference was significant tion of univalents in Arabidopsis, as already observed (χ [ system can rescue the segregation of rare achiasmate our genetic and molecular data suggest that the mer3 chromosomes [34] . mutants are null mutants. Thus, the residual chiasmata The frequency of chiasmata was reduced by a factor observed in mer3 mutants cannot be attributed to reof four by the depletion of MER3, whereas the recombisidual MER3 activity and are probably generated by a nation frequency at the two intervals tested in the off-MER3-independent pathway. This result strongly supspring of mer3 mutant plants was reduced by a factor ports the hypothesis that there are at least two pathof less than two. This result was not unexpected given ways for COs formation in Arabidopsis. that recombination frequencies were measured for the At least two CO pathways seem to function indepensubset of surviving seeds. As the presence of a CO dently in budding yeast: the major pathway generates doubles the chance of a pair of homologs separating COs sensitive to interference and the minor pathway correctly at anaphase I, the frequency of COs in the generates interference-insensitive COs (see Introducsurviving offspring is expected to be much greater than tion). However, these two classes of COs do not appear the actual frequency at meiosis. Nevertheless, our geto exist in all species (see Introduction). Two studies netic analyses confirmed that far fewer COs were have provided evidence for a budding yeast-like situaformed in mer3 mutants than in wild-type. tion for Arabidopsis. Firstly, Copenhaver et al.
[23] Two results are consistent with mer3 mutations havshowed that the distribution of COs in Arabidopsis is ing a specific effect on COs and not on NCOs. Firstly, better fitted by the "two pathways" hypothesis. Secno decrease in the number of RAD51 foci was observed ondly, Higgins et al. [24] suggested the existence of and certainly not a decrease by a factor of four as rethese two pathways based on the presence of residual ported for COs frequency. The large decrease in COs COs in an Arabidopsis msh4 mutant. We show here that frequency observed in mer3 mutants was therefore not the mutation of MER3, which is thought to belong to correlated with a corresponding decrease in the numthe same epistatic group as MSH4 in budding yeast, ber of DSB repair events. This suggests that MER3 dedoes not eliminate all COs in Arabidopsis, consistent pletion does not reduce the number of recombination with the conclusions of Higgins et al. Moreover, our geevents. However, we could not rule out that in the munetic analyses show that the residual COs in mer3 mutants, RAD51 foci could represent inactive protein comtants were not sensitive to interference at one set of plexes merely associated with DNA. Secondly, synapsis adjacent intervals. It is likely that residual COs in mer3 appeared to be barely affected in mer3 mutants. On mutants lack interference in other regions of the geaverage, three of the five bivalents did not undergo nome; however, additional experiments will be needed COs, so most of the bivalents must have undergone to ensure that it is the case. This finding links the two synapsis without undergoing COs. However, recombiprevious studies and further suggests that Arabidopsis nation is required for synapsis in Arabidopis, as shown resembles S. cerevisiae in having two classes of COs, by the asynaptic phenotype of the spo11, dmc1, and generated via distinct pathways, with the major pathrad51 mutants [ This study establishes for the first time in a higher euThe four mer3 alleles gave phenotypes that were qualitatively and quantitatively indistinguishable. In addition, karyote that MER3 is involved in meiotic recombination.
Antibodies
We demonstrate the role of MER3 in the formation of
The ASY1 polyclonal antibody used in this study was described by only a subset of meiotic crossovers, and we showed at Armstrong et al. [29] and was used at a working dilution of 1:500.
one genetic interval that the residual crossovers in 
